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Abstrat. Spherial HartreeFok alulations with projetion onto zero total linear momentum before
the variation are performed for the nulei
4
He,
12
C,
16
O,
28
Si,
32
S and
40
Ca using a densityindependent
eetive nuleonnuleon interation. The results are ompared to those of usual spherial HartreeFok
alulations subtrating the kineti energy of the enter of mass motion either before or after the variation
and to the results obtained analytially with osillator oupations. Total energies, holeenergies, elasti
harge form fators and harge densities and the mathematial Coulomb sum rules are disussed.
PACS. 2 1.60.-n Nulear-struture models and methods
1 Introdution
We onsider the nuleus as a losed system of interat-
ing, nonrelativisti nuleons. The homogenity of spae
requires that the total linear momentum of this system is
onserved. Consequently the hamiltonian desribing any
partiular nuleus annot depend on the enter of mass
(COM) oordinate of its onstituents, but (besides on spin
and isospinquantum numbers) only on relative oordi-
nates and momenta. The dependene on the total momen-
tum is trivial : it desribes the free motion of the total sys-
tem and an always be transformed away by onsidering
the system in its COM rest frame. We have then to solve
the orresponding Shrödinger equation for the remaining
internal hamiltonian. In priniple this an be ahieved
by writing this hamiltonian in Jaobi oordinates. How-
ever, nuleons are fermions and thus do obey the Pauli
priniple. Sine the Jaobi oordinates depend on all the
nuleon oordinates, thus an expliit antisymmetrization
of the wave funtions is required as it is performed, e.g., in
fewbody physis. Being already there sometimes rather
involved though still feasible, suh an expliit antisym-
metrization beomes impossible in the manybody system
(e.g., the antisymmetrization of 20 like nuleons would
require 20 fatorial dierent terms). Thus in the many
body system the antisymmetrization usually is performed
impliitely by expanding the wave funtions in terms of
Slater (or generalized Slater) determinants. In this way
the Pauli priniple is automatially fullled. The Slater
determinants, however, depend on 3A instead of the al-
lowed 3A-3 oordinates and thus ontain ontaminations
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due to the motion of the system as a whole, so alled spu-
rious admixtures. Galileiinvariane is broken.
This defet of almost all mirosopi nulear stru-
ture models has been reognised [1℄ almost immediately
after the development of the shellmodel. It was shown
later on [2℄ that in ase of pure harmoni osillator on-
gurations one an get rid of this problem by diagonaliz-
ing the (osillator) COM hamiltonian and projeting all
states not orresponding to the ground state of this op-
erator out of the spetrum of the many nuleon hamilto-
nian. This proedure, however, requires the use of so alled
omplete nh¯ωspaes (sine only then COM and internal
exitations deouple exatly) and thus is of little help in
most of the usual approahes to the nulear manybody
problem. A more general solution is the projetion of the
wave funtions into the COM rest frame [3℄, whih ensures
translational and, if performed before solving the or-
responding Shrödinger equation (usually by variational
methods) even full Galileiinvariane [4℄. The key idea of
this projetion is to superpose the wave funtion shifted
all over normal spae with idential weights and thus to
ahieve vanishing total linear momentum. Sine the bound
states of a nuleus are loalized, this proedure always
does onverge (for sattering states a slightly dierent pro-
edure has to be used [13℄). The projetion method has the
advantage that it works in general model spaes as well as
for general (nonosillator) wave funtions.
Though in priniple known sine almost half a entury,
only few pratial alulations have been performed using
this method. The reason for this is quite simple : the pro-
jetion operator is an Abody integral operator with the
rather nasty property to link the usual model spae states
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Fig. 1. In the left part the total binding energy of
4
He as obtained with the BrinkBoeker fore B1 [14℄ using an osillator length
b=1.41 Fm is plotted against the size of the basis. Three urves are shown : the open irles orrespond to a normal spherial
HartreeFok alulation with the expetation value of P 2/2MA subtrated after onvergene, the full triangles display the
results if this enter of mass orretion is inluded during the iteration, and, nally, the full irles give the result of a spherial
HartreeFok alulation with projetion into the momentum rest frame before the variation (CMPSHF). Furthermore, the gure
displays the results of onstrained alulations adding the osillator enter of mass Hamitonian with a Lagrangian multiplier λ
to the internal hamiltonian whih penalizes COM exitations. The right part of the gure displays the hole energies obtained
in the osillator limit HO (Nmax=0) and in the HartreeFok approximation HF (with Nmax=18) using the normal (no) as
well as the projeted (pr) approah in both ases. Note that the normal approah inludes the usual COM orretion (see
text).
to rather highly exited (and thus usually unoupied)
ones as well as to the fully oupied ones, whih are often
treated as an inert ore. This is easy to understand : any
hange of the linear momentum of the valene nuleons
requires a orresponding hange of the linear momentum
of the ore in order to ensure vanishing total linear mo-
mentum for the system. Unlike angular momentum, linear
momentum is thus a true Abody orrelation and hene
muh more ompliated to treat than the latter.
Beause of these diulties, instead of treating Galilei
invariane orretly, its breaking is usually negleted adopt-
ing the well known text book argument that it indues
only 1/A eets and thus an savely be negleted for nu-
lei beyond oxygen [4℄, provided the usual approximate
orretions like subtrating the kineti energy of the COM
motion from the original hamiltonian or the use of the so
alled TassieBarker fator [5℄ in the analysis of form fa-
tors are done.
That this, however, is not true has been shown by sev-
eral studies within the last deade. HartreeFok alula-
tions with projetion into the COM rest frame for
4
He [6℄
as well as the analysis of form fators and harge densities
of several spherial nulei [7,8℄ have demonstrated that
the orret treatment of Galileiinvariane yields onsider-
able eets far beyond the usually assumed 1/A level. The
same holds for sattering states as demonstrated in ref.
[9℄ for the inlusive quasielasti eletron sattering again
from
4
He. Reently now, a whole series of model investiga-
tions [10,11,12,13℄ has been published, in whih the COM
eets have been studied in a more systemati way. Con-
siderable eets have been seen for spetral funtions and
spetrosopi fators, transition form fators and densi-
ties, energies of holestates, Coulomb sum rules, response
funtions and many more. These investigations, however,
have been undertaken with rather simple wave funtions
: the ground states of the doubly even Anuleon systems
4
He,
16
O and
40
Ca have been desribed in the simple os-
illator limit and for the ground and exited states of the
orresponding odd (A-1)nuleon systems simple onehole
states have been used. This has the advantage that all al-
ulations an be performed analytially but is denitely
not very realisti. So, e.g., the above mentioned pure osil-
lator Anuleon ongurations are nonspurious and thus
the projetion yields here no additional eet with respet
to the usual approah to subtrat the kineti energy of the
COM motion. It is hene desirable to study, e.g., these
ground states in more realisti approahes. This will be
done in this and a forthoming paper.
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Fig. 2. Same as in Fig. 1, but for the nuleus
12
C with osillator length b=1.72 Fm.
Fig. 3. Same as in Fig. 1, but for the nuleus
16
O with osillator length b=1.79 Fm.
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Fig. 4. Same as in Fig. 1, but for the nuleus
28
Si with osillator length b=1.85 Fm.
For this purpose we have performed spherial Hartree
Fok alulations with projetion into the COM rest frame
before the variation for the six nulei
4
He,
12
C,
16
O,
28
Si,
32
S and
40
Ca. The results have been ompared with those
of normal spherial HartreeFok alulations subtrat-
ing the kineti energy of the COM motion either before
or after the variation and with the analytially obtained
osillator results out of ref. [12℄. For eah of the onsid-
ered nulei up to 19 major osillator shells have been used
as single partile basis. As eetive interation the sim-
ple BrinkBoeker fore B1 [14℄ has been taken. We are
aware of the fat that this interation is not very realis-
ti. However, the aim of the present investigation is not
a omparison with experiment but the study of the ef-
fets of a orret treatment of Galileiinvariane. For this
purpose the B1interation is as good as any other. Fur-
thermore, onsisting out of Gaussians, it an be treated
in the osillator limit analytially and thus allows for a
diret omparison with the results reported in ref. [12℄.
Setion 2 of the present paper gives a short summary of
the spherial HartreeFok approah with projetion into
the COM rest frame before the variation. Setion 3 will
then desribe some details of the alulations and present
the results for the total energies, the holeenergies, the
elasti harge form fators and orresponding harge den-
sities and the Coulomb sum rules. Conlusions, three ap-
pendies with some detailed formulas and referenes on-
lude the present paper.
In the seond of the present series of two papers we
shall then disuss the eets of the orret treatment of
Galileiinvariane on the spetral funtions and spetro-
sopi fators obtained with the wave funtions out of the
present paper.
2 COM-projeted Hartree-Fok.
The essential mathematis for HartreeFok alulations
with projetion into the COM rest frame before the vari-
ation has been presented in detail already in ref. [6℄ and
hene will be summerized only briey in the following. We
start by dening our model spae by Mb osillator single
partile states, the reators of whih will be denoted by
{c†i ; i = 1, ...,Mb}. We shall furthermore assume that the
eetive hamiltonian appropriate for this model spae is
known and an be written in the hosen representation as
a sum of only one and twobody parts
Hˆ =
∑
ir
t(ir)c†i cr +
∑
ikrs
v(ikrs)c†i c
†
kcscr (1)
where t(ir) are the single partile matrix elements of the
kineti energy operator and v(ikrs) the antisymmetrized
twobody matrix elements of the onsidered interation.
We shall assume that this interation is translational in-
variant, i.e., it does not depend on the enter of mass
oordinate of the two nuleons. Density dependent inter-
ations (in their usual form) do not fulll this requirement.
Their treatment is muh more ompliated as has been de-
sribed in detail in ref. [12℄. Suh interations will not be
onsidered in the present paper.
In the HartreeFok approah one searhes for the op-
timal onedeterminant representation of the Anuleon
ground state having the form
|D〉 =
{
A∏
h=1
b†h
}
|0〉 (2)
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Fig. 5. Same as in Fig. 1, but for the nuleus
32
S with osillator length b=1.91 Fm.
where
b†β =
Mb∑
i=1
D∗iβc
†
i (3)
and
bβ =
Mb∑
i=1
Diβci (4)
respetively, with D being a unitary (Mb ×Mb) transfor-
mation. In eq. (2) we have assumed that the selfonsis-
tent states reated by the operators (3) are ordered a-
ording to their energy so that β = 1, ..., A orrespond to
the oupied hole states h, h′, .... The unoupied or-
bits β = A+ 1, ...,Mb will be denoted as partile states
p, p′, ... in the following.
Now, obviously, the determinant (2) is not translation-
ally invariant. In order to obtain a Galileiinvariant wave
funtion we have to use instead of (2) the expression
|D ; 0〉 ≡ Cˆ(0)|D〉√
〈D|Cˆ(0)|D〉
(5)
as test wave funtion in the variation. Here
Cˆ(0) ≡
∫
d3 a Sˆ(a ) (6)
with
Sˆ(a ) ≡ exp{ia · Pˆ} (7)
projets into the COM rest frame by superposing all states
reated by the shift operator (7) (here Pˆ is the operator
of the total momentum of the onsidered system) with
idential weights.
The energy funtional Epr to be used in the Hartree
Fok approah with projetion into the COM rest frame
before the variation an then be written as
Epr =
∫
da a2
∫
dΩa h(a )∫
da a2
∫
dΩa n(a )
(8)
where we have introdued the shifted overlap funtion
n(a ) ≡ 〈D|Sˆ(a )|D〉 = detX(a ) (9)
whih an be represented as the determinant of an (A×A)-
matrix
Xhh′(a ) ≡ 〈h|Sˆ(a )|h′〉 =
∑
ik
DihSik(a )D
∗
kh′ (10)
with Sik(a ) being the matrix representation of the shift
operator within the hosen harmoni osillator single par-
tile basis. These matrix elements are given in the ap-
pendix A. Furthermore we use in (8) the shifted energy
funtion
h(a ) ≡ 〈D|HˆSˆ(a )|D〉 = t(a ) + v2(a ) (11)
Here the onebody term is given by
t(a ) = n(a )
∑
ir
t(ir) ρ˜ri(a ) (12)
with the shifted density matrix being dened as
ρ˜ri(a ) ≡
∑
k
Srk(a )
∑
hh′
D∗kh [X
−1(a )]hh′ Dih′ (13)
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Fig. 6. Same as in Fig. 1, but for the nuleus
40
Ca with osillator length b=1.97 Fm.
Fig. 7. In the left part of the gure the square of the harge form fator for
4
He is displayed as funtion of the 3momentum
transfer. For the nuleon form fators the usual dipole parametrisation [21℄ has been used. Open inverted triangles orrespond to
an osillator oupation with no COM orretion inluded (normal osillator), full triangles give the osillator result inluding
the TassieBarker fator [5℄ (projeted osillator), open irles display the form fator obtained with normal HartreeFok
(inluding the COM orretion in the hamiltonian during the variation) taking into aount the dynami orretion (essentially
again the TassieBarker fator) out of the text. Finally, the full irles display the result of the projeted alulation. The right
part of the gure gives the orresponding harge densities (obviously alulated for point nuleons).
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Fig. 8. Same as in Fig. 7, but for the nuleus
12
C.
and for the two-body part of (11) one obtains
v2(a ) = n(a )
1
2
∑
ikrs
v(ikrs) ρ˜sk(a ) ρ˜ri(a ) (14)
The energy funtional (8) has to be minimized with
respet to arbitrary variations of the underlying Hartree
Fok transformationD. This transformation, however, has
to be unitary and thus not all of the Mb ·Mb matrix el-
ements of D are linear independent. Nevertheless an un-
onstrained minimization of the funtional (8) an still be
performed, if one parametrizes the underlying Hartree
Fok transformation D via Thouless' theorem [15℄, whih
states that any HartreeFok determinant |Dd〉 an be
represented in terms of the reation and annihilation op-
erators of some referene determinant |D0〉 via
|Dd〉 = c(d) exp


∑
p,h
dphb
†
p(D0)bh(D0)

 |D0〉 (15)
provided that the two determinants are non-orthogonal,
sine
c(d) = 〈D0|Dd〉 (16)
The reation operators belonging to the HartreeFok de-
terminant |Dd〉 are then related to those of the referene
determinant |D0〉 via
b†h(Dd) =
∑
h′
[L−1]hh′

b†h′(D0) + ∑
p′
dp′h′b
†
p′(D0)


(17)
for the oupied and
b†p(Dd) =
∑
p′
[M−1]pp′
(
b†p′(D0) −
∑
h′
d∗p′h′b
†
h′(D0)
)
(18)
for the unoupied states, respetively. They are given in
terms of the (Mb−A) ·A linear independent variables dph.
The (A×A) matrix L in (17) is dened by the expression
1A + d
Td∗ = LL† (19)
while the ((Mb − A) × (Mb − A)) matrix M out of (18)
an be obtained by the solution of the equation
1Mb−A + d
∗dT = MM † (20)
The variational equations resulting from the minimization
of the funtional (8) thus get nally the form
∂Epr
∂dph
=
[
M−1
†
G L−1
]
ph
≡ 0 (21)
where the ((Mb −A)×A) matrix G is dened as
Gph ≡
∫
da a2
∫
dΩa gph(a )∫
da a2
∫
dΩa n(a )
(22)
and the funtion gph(a ) is given by
gph(a ) = 〈D| [Hˆ − Epr] Sˆ(a )b†p(D)bh(D) |D〉 =
Mb∑
i,r=1
A∑
h′=1
[X−1(a )]hh′Dih′
{
[ h(a ) − Eprn(a )] δir +
n(a )
Mb∑
k=1
Γ˜ik(a )(1 − ρ˜(a ))kr
}
Mb∑
s=1
Srs(a ) D
∗
sp
(23)
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Fig. 9. Same as in Fig. 7, but for the nuleus
16
O.
where
Γ˜ik(a ) ≡ t(ik) +
∑
rs
v(irks) ρ˜sr(a ) (24)
The loal gradient vetor (22), obviously, has to vanish
at the solution of (21), too. This solution an be obtained
using standard methods as they have been desribed, e.g.,
in Ref. [16℄.
Up to now no symmetry restritions have been im-
posed on the HartreeFok transformation (3), (4). Thus
the HartreeFok vauum (2) breaks in general besides the
translational invariane also other symmetries like, e.g.,
the onservation of the total angular momentum and the
parity. For this general ase therefore besides the momen-
tum projetion also the projetion on these other symme-
tries would be required. The situation beomes, however,
muh simpler, if only spherially symmetri HartreeFok
transformations are admitted. Then eah of the selfon-
sistent states reated by the operators (3) has the isospin
3-projetion, the orbital and total angular momentum and
the 3-projetion of the latter as good quantum numbers,
and the sums in (3) and (4) run only over the node quan-
tum number. For nulei with losed angular momentum
subshells the orresponding HartreeFok vauum (2) has
then total angular momentum Ipi = 0+ and onserves the
proton as well as the neutron number. Consequently the
projetion on these symmetries beomes redundant and
we are left with only the linear momentum projetion as
desribed above.
Furthermore, for spherially symmetri systems obvi-
ously neither the shifted overlap (9) nor the orrespond-
ing energy funtion (11) do depend on the diretion of the
shift vetor a. Thus the angle integrations in (8) and (21)
indued by the operator (6) beome trivial and only a sin-
gle integral over the radial omponent of the shift vetor
remains to be done numerially. An expliit formulation
of this speial ase will not be given in the present paper.
However, it is obvious that the alulation of the expres-
sions needed for the minimization of the energy funtional
(8) is then simplied onsiderably.
3 Results and disussion.
We have onsidered the six nulei
4
He,
12
C,
16
O,
28
Si,
32
S and
40
Ca. As hamiltonian, as in ref. [12℄, the Brink
Boeker interation B1 [14℄ omplemented with a short
range (0.5 Fm) twobody spinorbit term having the same
volumeintegral as the orresponding zerorange term of
the Gognyfore D1S [17℄, plus the Coulomb fore and
the kineti energy has been used. First, the energy of
the simple osillator determinants for these nulei (e.g.,
(0s)4(0p)12 for 16O) has been minimized with respet to
the osillator lengthparameter b. For the intermediate
states needed to ompute the shifted energy funtion (11)
here four major shells more than in the basis have been
taken (e.g., in
16
O the maximum N = 2n+ l of the osilla-
tor determinant is 1. Hene, for the intermediate states all
orbits up to N=5 have been used). The results obtained
were idential to those obtained analytially in ref. [12℄,
whih is a good hek of the onvergene of the numerial
proedure.
In the next step then, for inreasing size of the single
partile basis up to N = 2n + l = 18, in eah nuleus
and eah basis system always three dierent HartreeFok
alulations have been performed :
First, a usual spherial HartreeFok alulation was
done, in whih the energy
E′n = 〈Dn|Hˆ |Dn〉 (25)
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Fig. 10. Same as in Fig. 7, but for the nuleus
28
Si.
is minimized and after onvergene orreted by subtrat-
ing the expetation value of the kineti energy of enter
of mass motion
En = E
′
n − 〈Dn|
Pˆ
2
2MA
|Dn〉 (26)
This is the normal approah as indiated by the subsripts
n at the total energy and the wave funtion.
Seond, a orreted spherial HartreeFok alulation
has been done, in whih the expetation value of the in-
ternal hamiltonian
Ec = 〈Dc|
(
Hˆ − Pˆ
2
2MA
)
|Dc〉 (27)
is minimized. The subsript c refers to this orreted ap-
proah.
Third, a spherial HartreeFok alulation with pro-
jetion into the enter of mass rest frame before the varia-
tion as desribed in setion 2 has been performed. In this
ase the energyfuntional (8)
Epr =
〈Dpr|Hˆ Cˆ(0)|Dpr〉
〈Dpr|Cˆ(0)|Dpr〉
(28)
has been minimized. Here, for the intermediate states again
always four major shells more than for the basis have been
taken into aount. Note, that |Dn〉, |Dc〉 and |Dpr〉 result
from dierent variational alulations and are hene dif-
ferent.
Finally, for the largest basis system (N = 18), we have
studied in eah nuleus a widely used approximate de-
sription to deal with the enter of mass motion : instead
of minimizing Ec out of equation (27) one minimizes
E′λ = 〈Dλ|
(
Hˆ − Pˆ
2
2MA
)
|Dλ〉 +
+λ · 〈Dλ|
(
Pˆ
2
2MA
+
1
2
MAω2R 2
)
|Dλ〉 (29)
with a large Lagrangian multiplier λ, i.e., one penalizes
enter of mass exitations. This presription is exat for so
alled omplete nh¯ω onguration spaes [2℄, however, is
often applied also in trunated shellmodel spaes [18,19℄.
The internal energy (i.e., (29) without the penalizing term)
has been obtained for the three dierent λ values 10, 100
and 10000.
In addition, again always for the largest basis, the
holeenergies obtained for the orreted approah
Ehc = Ec − 〈Dc|b†h(Dc)
(
Hˆ − Pˆ
2
2M(A− 1)
)
bh(Dc)|Dc〉
(30)
have been ompared with the projeted results
Ehpr = Epr −
〈Dpr |b†h(Dpr)HˆCˆ(0)bh(Dpr)|Dpr〉
〈Dpr|b†h(Dpr)Cˆ(0)bh(Dpr)|Dpr〉
(31)
as well as the orresponding results for the simple osilla-
tor oupations. For the nulei, in whih two sstates are
oupied (
32
S and
40
Ca), obviously an additional diago-
nalization has been performed.
Note, that the denition (30) diers from the usual ex-
pression sine via the kineti energy of the enter of mass
motion the internal hamiltonian beomes Adependent.
The resulting dierene with respet to the usual expres-
sion is for nonspurious osillator holestates 3h¯ω/4(A−1)
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Fig. 11. Same as in Fig. 7, but for the nuleus
32
S.
and in the general ase always larger than this lower limit.
Inserting the results for h¯ω into this formula, one obtains
onsiderable eets even for the larger A-values onsidered
here.
The results for the total binding energies and the hole-
energies of the onsidered nulei are summerized in gures
1 to 6. The left side of eah gure presents the total bind-
ing energy as funtion of the size of the basis. Three dier-
ent urves are plotted : open irles refer to the Hartree
Fok results (26) where the kineti energy of the enter
of mass motion is subtrated after the variation, full tri-
angles give the results of the orreted approah (27), in
whih this subtration is done before the variation and
full irles display the results of the spherial Hartree
Fok alulations with projetion into enter of mass rest
frame before the variation (28).
For pure osillator oupations (i.e., the smallest basis)
these three urves obviously oinide, for larger basis sys-
tems, however, they dier onsiderably, i.e., display rather
dierent majorshellmixing. Let us rst onentrate on
the unprojeted approahes (26) and (27). As expeted,
the orreted approah (27) yields always a lower binding
energy than the normal one (26), however, for all but one
of the onsidered nulei the orresponding urves run al-
most parallel with inreasing basis size and their dierene
is rather small. The exeption is the ase of
4
He, where
(26) even yields a derease in binding energy with the ba-
sis size suh indiating that the underlying wave funtions
have a rather dierent struture than those obtained via
(27). The energy gain of the projeted approah (28) with
respet to the orreted presription (27) is in all on-
sidered nulei (exept
4
He) muh larger than that of the
latter with respet to (26). For
40
Ca in the largest ba-
sis system, e.g., the projeted binding energy is 1.25 MeV
lower than the orreted result, while the latter is only
136 keV lower than the normal one. Note, that these 1.25
MeV amount to almost 20 perent of the total major shell
mixing obtained in the orreted approah (27). Thus, ob-
viously, the restoration of Galilean invariane yields a on-
siderable eet on the total binding energy and should not
be negleted even for nulei as heavy as
40
Ca.
Furthermore, as an be seen from the inverted trian-
gles in the gures, the presription (29), whih penalizes
enter of mass exitations, fails ompletely. For the largest
Lagrange multiplier (λ = 10000) the proedure yields in
all onsidered nulei just the simple osillator oupa-
tion. This, denitely, is a nonspurious state (i.e., ontains
no enter of mass exitations), however, the majorshell
mixing is ompletely supressed in this solution. This is a
severe warning to use the presription (29) in inomplete
model spaes : it always prefers nonspurious (one valene
shell) solutions and is hene unontrollable even if the on-
guration spae is less severly trunated as in the simple
HartreeFok approah disussed here.
On the right side of gures 1 to 6 we display the proton
and neutron holeenergies in the onsidered nulei. Always
the orreted results (30) (indiated by the label no) are
ompared with the projeted energies (31) (indiated by
the label pr) for both the osillator oupation (HO) as
well as the Hartree-Fok approah (HF) alulated in the
N = 18 basis.
Though the underlying wave funtions (and total bind-
ing energies) are onsiderably dierent, in all onsidered
nulei the harmoni osillator approah and the Hartree
Fok method yield remarkably similar results. For the
nonspurious holestates out of the last oupied major
shell in the harmoni osillator approah the orreted and
projeted results have to be idential as demonstrated an-
alytially in ref. [12℄ and this feature holds to a large extent
for the HartreeFok results, too. For the holestates out
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of the seond and third but last oupied shell orreted
and projeted results display in both approahes rather
similar pronouned dierenes. So, e.g., in
16
O the pro-
jeted pholes are more than 6 MeV lower in energy than
the orresponding orreted results and even in
40
Ca the
dierenes are still about 2.5 MeV for both the p and the
lowest sholes. It was demonstrated in ref.[12℄ that these
dierenes are onsistent with the dierenes in the spe-
trosopi fators out of ref.[10℄. This will be disussed in
more detail in the seond of the present series of papers.
An interesting observation is made for the two nulei
28
Si and
32
S. Here, the p1/2holes are almost unaeted
by the projetion, while the p3/2holes show the same dif-
ferenes as, e.g., observed in
40
Ca. Sine the oupling of
p1/2 and d5/2 to angular momentum one is not possible
and the d3/2orbit is unoupied in these two nulei, this
observation points to the dominane of angular momen-
tum one ouplings for the hole energies.
The gures 7 to 12 demonstrate the eets on the
harge form fators and orresponding harge densities.
Usually, the operator for the harge density in momen-
tum representation is written as [20,11℄
ρˆn ≡
∑
τ
fτ (Q
2)
Nτ∑
i=1
exp{iq · ri} (32)
where τ is the isospin projetion (proton or neutron) and
the nuleon harge form fators fτ are given by
fτ (Q
2) ≡ GτE(Q2) −
Q2
8M2
GτE(Q
2) + Q
2
4M2 G
τ
M (Q
2)
1 + Q
2
4M2
(33)
with the Sahsform fators parametrized in the well
known dipole form (see, e.g., [21℄)
GpE(Q
2) ≡
[
1 +
Q2
(843MeV)2
]−2
GτM (Q
2) ≡ µτ GpE(Q2)
µp = +2.793
µn = −1.913
GnE(Q
2) ≡ −µn Q
2
4M2
1
1 + 5.6 Q
2
4M2
GpE(Q
2) (34)
Here M is the nuleon mass and Q2 the negative square
of the 4momentum transfer
Q2 ≡ (h¯cq )2 − (∆E)2 (35)
with∆E being the energy transfer and q the 3momentum
transfer to the system. For elasti eletron sattering the
energy transfer is given by the reoil energy (h¯cq )2/(2AMc2)
so that here
Q2 = (h¯cq )2
{
1 − (h¯cq )
2
4A2M2c4
}
(36)
If, as in our ase, the ground state is desribed by a single
determinant |D〉, then the normal elasti harge form
fator has the form
Fnch(Q
2) = 〈D|ρˆn|D〉 (37)
and the orresponding harge density is just the Fourier
transform of this expression.
Obviously, to obtain a translational invariant form for
the harge density operator, (32) has to be omplemented
with the soalled GartenhausShwartz operator as has
been demonstrated in ref. [11℄
ρˆinv ≡ ρˆn exp{−iq ·R} (38)
The Galileiinvariant form of the harge form fator is
thus
F prch (Q
2) =
〈D|ρˆinvCˆ(0)|D〉
〈D|Cˆ(0)|D〉 (39)
The matrix elements needed to ompute this expression
are given in appendix B. The orresponding harge den-
sity is then again obtained by Fouriertransforming this
expression.
It has been demonstrated already some time ago [8℄
that using the soalled Gaussianoverlapapproximation
for both the shift as well as for the GartenhausShwartz
operator (38) redues to the dynamially orreted harge
form fator
F dych (Q
2) = Fnch(Q
2) exp
{
3
8
q 2
〈D|Pˆ 2|D〉
}
(40)
In ase that |D〉 is a nonspurious osillator state the ex-
ponential fator in (40) gets the form exp{(q b/2)2/A},
whih is the famous TassieBarker orretion [5℄.
On the left side of the gures 7 to 12 we ompare
for the onsidered nulei the normal form fator (37) for
the osillator oupation (inverted open triangles) with
the orresponding projeted one (39) (full triangles), the
dynamially orreted one (40), resulting from the solu-
tion |Dc〉 of the minimization of the HartreeFok energy
funtional (27), and, nally, the Galileiinvariant one (38)
omputed from the solution |Dpr〉 of the minimization of
the projeted energy funtional (28) (full irles). The or-
responding harge densities are given on the right side of
the gures. All HartreeFok results have been obtained
using the largest basis with 19 major osillator shells.
Let us rst onentrate on the osillator oupation.
In
4
He a large dierene between the normal and the pro-
jeted osillator form fators at high momentum trans-
fer and onsequently for the harge density at small radii
is observed. Sine we have here a nonspurious osillator
state this dierene is entirely due to the TassieBarker
orretion. This orretion dereases with inreasing mass
number and an in
40
Ca almost be negleted. On the other
hand the dierene of the HartreeFok results with re-
spet to the osillator ones inrease with inreasing mass
number due to the inreasing major shell mixing. E.g., in
40
Ca HartreeFok and osillator results look rather dif-
ferent.
Though omputed with rather dierent wave funtions
the projeted and dynamially orreted form fators and
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Fig. 12. Same as in Fig. 7, but for the nuleus
40
Ca.
Fig. 13. The inelasti (mathematial) Coulomb sum rule as funtion of the 3momentum transfer. Compared are the results
of alulations using an osillator oupation and an unorreted elasti harge form fator (for point protons) with those using
the same oupation but inluding the TassieBarker fator for the elasti harge form fator, those of a normal HartreeFok
alulation inluding the dynamial orretion for the elasti harge form fator and, nally, those of the projeted CMPSHF
approah. The upper part of the gure gives the results for
4
He, the lower part those for the nuleus
16
O.
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harge densities display only rather small dierenes in all
the onsidered nulei exept
4
He. This is somewhat sur-
prising sine in ref. [7,8℄ larger eets of the projetion
have been seen even for nulei up to A=40. However, be-
sides being limited to projetion after the variation, these
alulations had been done with dierent eetive inter-
ations than used in the present work. Thus the present
results do not indiate that for the elasti form fators and
harge densities the dynamial orretion is good enough
and no projetion is needed. Instead a more areful study
using various eetive interations is required.
In addition to the form fators we have studied the
mathematial Coulomb sum rules, too. Details of its def-
inition an be found in ref. [11℄. As usual we assumed
point nuleons, i.e., we set the nuleon form fators out of
eq. (33) to 1 for the proton and 0 for the neutron. Fur-
thermore, again as usual, we subtrated the square of the
elasti form fator and divided the result by the harge
number in order to obtain the soalled inelasti Coulomb
sum rules. Without any enter of mass orretion these
have the form
Σinel, n(q) =
1
Z
{
〈Dn|ρˆnρˆn †|Dn〉 − (Fnch(q))2
}
(41)
where the elasti form fator out of eq. (37) has to be
taken in the point proton limit. If we inlude the dynam-
ial orretion for the elasti form fator we obtain the
result
Σinel, dy(q) =
1
Z
{
〈Dc|ρˆnρˆn †|Dc〉 −
(
F dych (q)
)2}
(42)
with the point proton limit for expression (40), and, -
nally, the linear momentum projeted expression has the
form
Σinel, pr(q) =
1
Z
{
〈Dpr|ρˆnρˆn †Cˆ(0)|Dpr〉
〈Dpr|Cˆ(0)|Dpr〉
− (F prch (q))2
}
(43)
with the point proton limit of the form fator (39). Expliit
forms for the matrix elements entering the expressions (41-
43) are for spherially symmetri determinants |D〉 given
in appendix C. Note, that it is irrelevant whether in the
rst term of these expression the normal (32) or the in-
variant form (38) of the harge density operator is used,
sine in these matrix elements the GartenhausShwartz
operator does drop out. As for the harge form fators and
densities the normal (41) and projeted (43) results for the
osillator oupation have been ompared with the dy-
namially orreted (42) and the projeted (43) Hartree
Fok results. For the omputation of the latter obviously
again the solutions |Dc〉 and |Dpr〉 of the orresponding
variational alulations have been taken.
The results for
4
He and
16
O are displayed in gure
13. Plotted are the inelasti sum rules as dened above
as funtions of the 3momentum transfer q. As expeted
from the similarity of the dynamially orreted and the
projeted elasti HartreeFok form fators almost no dif-
ferenes between these two approahes are obtained for the
inelasti sum rules either. That the projeted osillator re-
sults almost oinide with the HartreeFok results, too,
is a lear indiation that the inelasti sum rule is rather
insensitive to the major shell mixing. However, all these
results approah the limit of 1 onsiderably slower than
the normal osillator approah. This dierene is entirely
due to the square of the elasti form fator in the above
expressions and demonstrates that a orret treatment of
the latter (either exat by projetion or approximate by
the dynamial orretion) is denitely required.
Sine for the inelasti sum rules of the other onsidered
nulei the same behaviour as demonstrated in gure 13 is
obtained, we shall not disuss them here.
4 Conlusions.
We have presented the total binding energies, hole en-
ergies, form fators and harge densities as they result
from spherial HartreeFok alulations with projetion
into the enter of mass rest frame before the variation for
the six nulei
4
He,
12
C,
16
O,
28
Si,
32
S and
40
Ca and have
ompared them to the standard HartreeFok results ob-
tained by subtrating the kineti energy of the enter of
mass motion either after or before the variation. Further-
more, for the two nulei
4
He and
16
O, we have disussed
the inelasti Coulomb sum rule resulting from these dif-
ferent approahes. For omparison, in addition the results
for pure osillator oupations have been disussed.
For the total binding energies onsiderable eets of
the orret treatment of Galileiinvariane are seen. In all
the onsidered nulei the energy gains of the momentum
projeted solutions with respet to the onventionally or-
reted approah using just the internal hamiltonian (whih
ontains already the usual 1/A eet) in the variation are
a onsiderable portion of the gains due to major shell mix-
ing and hene as important as the latter. It was further-
more demonstrated that the often used approximate pre-
sription to penalize enter of mass exitations by an ad-
ditional term in the variation does not work at all at least
in the severly trunated onguration spaes used here.
There are strong indiations that this presription does
only work in omplete nh¯ωspaes and is unontrollable
even if used in less severly trunated shellmodel spaes.
For the hole energies essentially the same features as
in ref. [12℄ are observed. While the energies of the holes
out of the last oupied shell are almost unaeted, the
projeted energies of the holes out of the seond and third
but last shell are onsiderably dierent from their onven-
tionally orreted ounterparts (whih again inlude the
trivial 1/A eets).
For the elasti harge form fators and densities (ex-
ept for the lightest onsidered system) there are little dif-
ferenes obtained between the projeted and the dynam-
ially orreted approah though these two approahes
use rather dierent wave funtions resulting from dier-
ent variational alulations and the same holds for the
inelasti Coulomb sum rules. However, these results may
be hanged, if a dierent (more realisti) eetive intera-
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tion is used, and hene have to be interpreted with some
are.
In onlusion, it has been demonstrated that a orret
treatment of Galileiinvariane in the nulear manybody
problem is possible via projetion methods and that its ef-
fets are not only important for simple harmoni osillator
ongurations as shown in refs. [10,11,12,13℄ but also for
more realisti wave funtions. We shall show in the seond
of these two papers that this holds also for the spetral
funtions and spetrosopi fators. Thus we think that
the (up to now mostly negleted) restoration of Galilei
invariane is unavoidable in future nulear struture al-
ulations, and, on the long run, should also be done in
more sophistiated approahes like the shellmodel [18℄,
the quantum MonteCarlo diagonalization method [19℄ or
the VAMPIR approah [22℄.
We are grateful that the present study has been supported by
the Deutshe Forshungsgemeinshaft via the ontrats FA26/1
and FA26/2.
5 Appendix A: Osillator matrix elements of
the shift operator.
The single partile matrix elements Sik(a ) (10) of the shift
operator (7) within osillator single partile states play an
essential role in the projeted formalism presented in se-
tion 2. They have been given already in ref. [6℄. Using the
usual quantum numbers τ , n, l, j and m for the isospin
projetion, the node number (starting from zero), the or-
bital angular momentum l, whih is oupled with the spin
to the total angular momentum j and its 3projetion m,
we obtain
〈τ1n1l1j1m1|Sˆ(a )|τ2n2l2j2m2〉 = δτ1τ2 exp
{
−1
4
α2
}
×
∑
L
√
4pi
2L+ 1
Y ∗LΛ(Ωa)
1
2
[
1 + (−)l1+l2+L]
×(−)[L+l2−l1]/2
√
(2j1 + 1)(2j2 + 1)(−)j1−1/2
×(j1j2L|1/2− 1/20)(−)j2−m2
×(j1j2L|m1 −m2Λ) ηn1l1n2l2L (α)
(44)
where α = |a |/b with b being the osillator length and
ηn1l1n2l2L (α) = exp
{
+
1
4
α2
}
(−)n1+n2
∞∫
0
dκ e−κ
2
×κ2 R˜n1l1(κ) jL(κα) R˜n2l2(κ) (45)
where R˜nl(κ) are the (dimensionless) polynomial parts of
the usual spherial radial osillator funtions depending
on the dimensionless variable κ. An analytial form of the
expression (45) has been given in ref. [6℄ and will not be
repeated here.
In ase that the shift vetor an be put in zdiretion
as in the spherially symmetri systems onsidered here,
then √
4pi
2L+ 1
Y ∗LΛ(zˆ) ≡ δΛ0 (46)
Then, in eq. (44), obviously, m1 and m2 have to be equal
and the evaluation of the formulas in setion 2 is simplied
onsiderably.
6 Appendix B:The projeted harge form
fator.
In this appendix we shall give the formulas needed to
evaluate the projeted harge form fator out of eq. (39).
Again we assume that the determinant |D〉 is spherial
symmetri. This allows to x the diretion of the momen-
tum transfer to the zaxis. Furthermore it an be shown
easily, that the dependene on the angle ϕa of the shift
vetor is is trivial and an be integrated out analytially.
Left to be done is then a twofold integration over the
length of the shift vetor and over the angle ϑa between
the shift vetor and the zaxis (diretion of the momentum
transfer). After some tedious but straightforward alula-
tion we obtain
F prch (Q
2) =
4pib3
〈D|Cˆ(0)|D〉 exp
{
−A− 1
A
(
bq
2
)2}
∫ ∞
0
dαα2 exp
{
−A
4
α2
}∫ pi/2
0
dϑa sinϑa
· 2Re
{[ ∏
τ=p,n
detzτ(bq, α, ϑ)
][∑
τ
fτ (Q
2)
∑
h1,h2>0
(τ){
yτh1h2(bq, α, ϑ)z
τ−1
h2h1
(bq, α, ϑ)
− yτh1h¯2(bq, α, ϑ)zτ
−1
h2h¯1
(bq, α, ϑ)
}]}
(47)
where b is again the osillator length, α = |a |/b, and h¯
denotes the time reversed partner of the hole state h. The
seond sum in eq. (47) is restrited to positive values of
the 3projetions of the two hole states. Furthermore q
denotes the 3momentum transfer while Q2 is the (neg-
ative) square of the 4momentum transfer as in setion
2. The nuleon form fators fτ (Q
2) are given by eq. (33).
Furthermore
zτ12(bq, α, ϑ) =
∑
L
√
(2j1 + 1)(2j2 + 1)(−)j2−m2
(j1j2L|m1 −m2Λ)(−)j1−1/2(j1j2L|1/2− 1/20){ √
2L+ 1
(l1l2L|000)
1
2
[
1 + (−)l1+l2+L]− √2L+ 1
(l1l2L|1− 10) ×
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×1
2
[
1− (−)l1+l2+L] L(L+ 1)− κ12(κ12 + 1)
2
√
l1(l1 + 1)l2(l2 + 1)
}
∑
L1L2l
(LL2L1|Λ− Λ0)dL2Λ0(ϑa) iL1 (−)[l+l2−L2]/2
∑
n
(−)n1+nηn1l1nlL1 (qb/A)ηnln2l2L2 (α)
√
(2L1 + 1)(2L2 + 1)
2l2 + 1
(l1L1l|000)
{
(l1Ll2|000)(l1L1l|000)(LL1L2|000)
+2
min(l1,L,L1)∑
λ=1
(−)λ(l1Ll2|λ− λ0)
(l1L1l|λ− λ0)(LL1L2|λ− λ0)
}
(48)
where the η's are given by expression (45) and
κ12 ≡ (l1 − j1)(2j1 + 1) + (l2 − j2)(2j2 + 1) (49)
The matrix elements of yτ12 have exatly the same form as
(48) exept that the imaginary unit i has to be replaed
by −i and the argument in the rst η has to be multi-
plied with a fator (A− 1). Note, that the expression (48)
inludes both natural and unnatural parity terms in the
sum over L. The latter had been negleted in ref. [8℄.
7 Appendix C:The mathematial Coulomb
sum rule.
In this appendix we give the expliit formulas for the ma-
trix elements entering expressions (41-43) for the inelasti
Coulomb sum rules. In the normal approah one obtains
for spherially symmetri HartreeFok transformations
Σnor0 (q) = 〈D|ρˆnρˆ†n|D〉 = Z + exp
{
−1
2
(bq)2
}
{[ ∑
αhlhjh
(p)
(2jh + 1)χ
αhlh;αhlh
0 (qb)
]2
−
∑
αhlhjh
(p) ∑
αh′ lh′ jh′
(p)∑
L
1
2
[
1 + (−)lh+lh′+L
]
∆(lh, lh′ , L)(jhjh′L|1/2− 1/20)2
(2jh + 1)(2jh′ + 1)
(
χ
αhlh;αh′ lh′
L (qb)
)2}
(50)
where ∆(lh, lh′ , L) = 1 if | lh− lh′ | ≤ L ≤ lh+ lh′ and = 0
else,
χ
αhlh;αh′ lh′
L (qb) =
∑
n
(lhjh)∑
n′
(lh′ jh′ )
Dp lhjhnαh
(−)n+n′ηnlhn′lh′L (qb)Dp lh′ jh′n′αh′ , (51)
and the η's are given by the expression (45).
In order to evaluate the orresponding Galileiinvariant
expression for spherially symmetri determinants |D〉 the
shift vetor an again be put in zdiretion. We obtain
Σproj0 (q) =
〈D|ρˆnρˆ†nCˆ(0)|D〉
〈D|Cˆ(0)|D〉 = Z + exp
{
−1
2
(bq)2
}
〈D|Cˆ(0)|D〉−1 4pib3
∞∫
0
dαα2〈D|Sˆ(eˆz · a )|D〉
{∑
L
1
2L+ 1
(∑
AC
(p)
MLAC(qb) ρ˜
L
CA(α)
)2
−
∑
ABCD
(p)∑
L
(∑
I
(−)I−L+1
{
jA jC L
jB jD I
}
M IAD(qb)M
I
BC(qb)
)
ρ˜LCA(α)ρ˜
L
DB(α)
}
(52)
where A, B,... denote the quantum numbers of the osil-
lator single partile basis states nAlAjA, nBlBjB,..., α =
a/b with b being the osillator length parameter, and
MLAC(qb) =
1
2
[
1 + (−)lA+lC+L]∆(lA, lC , L)√
(2jA + 1)(2jC + 1)(−)jA−1/2(jAjCL|1/2− 1/20)
(−)nA+nC ηnAlAnC lCL (qb)
(53)
are the redued osillator single partile matrix elements
of the normal harge density operator in momentum rep-
resentation. The supersript (p) at the sum symbols means
that only protonorbits are onsidered. Finally,
ρ˜LCA(α) ≡
∑
m
(−)jC−m(jAjCL|m−m0) ρ˜(m)CA (α) (54)
where
ρ˜
(m)
CA (α) =
∑
HH′
(p)
S
(pm)
CH (α)S
(pm)
HH′
−1
(α)
D(p lAjA)nAαH′ δlH′ lAδjH′ jA (55)
In eq. ( 55) use has been made of the fat, that the single
partile matrix elements do not mix dierent isospin pro-
jetions, and, for the shift vetor in zdiretion, do not mix
states with dierent total angular momentum projetions
m either. This is indiated by the supersipts (pm).
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